Background-Hyperbaric oxygenation (HBO) after focal cerebral ischemia reduces infarct size and improves outcome when applied early after stroke. Here, we evaluated effects of HBO on permanent focal cerebral ischemia and applied magnetic resonance imaging (MRI) monitoring to study lesion evolution. Methods-Rats underwent permanent middle cerebral artery occlusion (MCAO). Two hours later, animals were treated with HBO (100% O 2 /2 atm; nϭ17) for 1 hour or treated with room air (nϭ17). Animals underwent serial MRI studies (DWI, PI, T2) beginning 90 minutes after MCAO. Neuroscore was assessed (5-point rating scale). Animals were euthanized and brains were 2,3,5-triphenyltetrazolium chloride (TTC)-stained for infarct volume calculation 120 hours after MCAO. Immunohistochemistry was performed with antibodies against c-FOS and 4-hydroxy-2-nonenal-modified proteins (HNE) to check for effects of oxidative stress caused by HBO treatment. Results-HBO reduced infarct volume by 38% (PϽ0.001). As shown by MRI, neuroprotection began 5 hours after ischemia and remained effective for 5 days. The relative regional cerebral blood flow was not different between groups at 3.5 and 5 hours after occlusion. There was less neurological deficit in HBO-treated animals compared with controls (PϽ0.05). Lipid peroxidation of cerebral vessels after HBO treatment as measured by HNE staining and pattern of c-FOS induction were not significantly different between groups at 3.5 and 8 hours after ischemia. Conclusion-As monitored by MRI HBO treatment reversed ischemic lesion size between 3 and 5 hours after ischemia and achieved a long-lasting neuroprotective effect without significant oxidative damage.
T reatment with hyperbaric oxygen (HBO) is protective in various models of focal cerebral ischemia. [1] [2] [3] [4] [5] [6] A recent controlled trial with 33 patients was negative, 7 but only 10% of patients received HBO treatment within 3 to 6 hours after stroke. Because it is well perceived from experimental studies that HBO treatment beyond 6 hours after onset of ischemia is ineffective and could even deteriorate outcome, 6, 8 the negative result was not surprising. HBO treatment, however, could still be beneficial for a subgroup of patients who, for other reasons, cannot be treated with rt-PA, craniectomy, or hypothermia.
We therefore studied in this experiment a clinically relevant situation with onset of HBO treatment 2 hours after permanent ischemia. Magnetic resonance imaging (MRI)-measured diffusion-weighted imaging (DWI), perfusionweighted imaging (PWI), and T2-weighted imaging were applied to monitor lesion evolution, treatment effectiveness, and immunohistochemistry to check for markers of oxidative stress.
Materials and Methods

Experimental Groups
All experimental procedures were performed in accordance with European Communities Council Directive (86/609/EEC) and approved by the local ethics committee. Male Wistar rats (300 to 315 g; Charles River Wiga, Sulzfeld, Germany) were randomly assigned before surgery to room air treatment at atmospheric pressure (nϭ17) or to HBO treatment (2 atm, 100% oxygen, 60 minutes, beginning 2 hours after ischemia) (nϭ17) and consecutive MRI monitoring. For immunohistochemistry, HBO-treated, room air-treated, and shamoperated rats (nϭ5 per group at 3, 5, and 8 hours after stroke onset) were investigated.
Surgery
Rats were weighed and intraperitoneally anesthetized with ketamine (100 mg/kg) and rompune (8 mg/kg). The left femoral artery was cannulated with PE-50 polyethylene tubing for continuous monitoring of arterial blood pressure and blood sampling for analysis of arterial blood gases measured before and after treatment in the chamber. Core temperature was maintained at 37°C during surgery using a heating lamp. Occlusion of the middle cerebral artery (MCA) was induced using the suture occlusion technique. 9 The right common carotid artery and the right external carotid artery were exposed, and a 4-0 monofilament nylon suture (Ethicon) coated with silicon (Bayer) was inserted through an arteriectomy in the common carotid artery, advanced into the internal carotid artery, and positioned 17 mm from the carotid bifurcation. After surgery, HBO treatment, and MR measurements, the catheters were removed, and the animals were allowed to recover from anesthesia.
HBO Treatment
Animals were placed in a custom-made pressure chamber of transparent acrylic plastic (inner diameter 25 cm, length 50 cm) 2 hours after ischemia. They were packed into a warming fleece (4 mm) with an isolating aluminum membrane (1 mm) to keep body temperature at 37°C. HBO-treated animals were pressurized within 10 minutes to 2 atm/100% oxygen and maintained for 60 minutes. Controls were also transferred into the chamber, but not pressurized, and they breathed room air.
MRI Protocol
Animals were examined in a 2.35 T scanner (Biospec 24/40; BRUKER Medizintechnik). An actively shielded gradient coil with 120-cm inner diameter driven by the standard 150-V/100-A gradient power supply was used. In this configuration, 180 mT/m could be reached in 180 ms. As rapid frequency (RF) coil, we used a home-built birdcage resonator with 40-mm inner diameter.
MR examination was performed at 1.5, 3.5, and 5 hours (DWI, PWI, T2) and on day 1, 2, and 5 (T2) after vessel occlusion, respectively. In each animal, we performed diffusion-weighted MRI using a spin-echo echo-planar imaging (EPI) sequence (repetition time [TR] [thk]ϭ2 mm), T2-weighted MRI using a RARE sequence (TRϭ3 s, TEϭ87 ms, NAϭ4, FOVϭ4.5 cmϫ4.5 cm, matrixϭ256ϫ256, 6 slices, thkϭ2 mm), and PWI using a gradient-echo EPI sequence (TRϭ1 s, TEϭ12 ms, NAϭ1, FOVϭ4.5 cmϫ4.5 cm, matrixϭ128ϫ64, 4 slices, thkϭ2 mm, number of repetitions [NR]ϭ20, time resolution [⌬t]ϭ1s). For PW MRI, a bolus of 0.5 mmol/kg body weight Gd-DTPA (Omniscan; Schering AG) was injected before acquisition of the fifth image data set.
Image data were transferred to a SUN sparcstation 10 (SUN Microsystems). From T2-weighted MRI, we (H.S.) calculated volume of infarction, and from the DWI, we calculated apparent diffusion coefficient as described in Heiland et al 10 The ischemic lesions in T2-weighted imaging were defined as hyperintense areas on the image with the highest T2 weighting (TEϭ96 ms). A side-by-side difference of apparent diffusion coefficient value from homologous pixels (ischemic and normal hemispheres that bestdefine the ischemic lesion volume in vivo) of 45%, highly correlating with postmortem infarct volume, was used to define abnormal ischemic pixels. 11 From PWI data, we calculated relative regional cerebral blood volume (rrCBV) and relative mean transit time (rMTT) (region of interest [ROI] 1: anterior cerebral artery supplied cortex; ROI 2: parietal cortex; ROI 3: temporal cortex; ROI 4: basal cortex; ROI 5: caudoputamen).
Follow-up Assessment
Animals were weighed and neurologically assessed by an investigator blinded to the treatment administered on days 1 and 5 (H.S.) (rating scale: 0ϭno deficit, 1ϭfailure to extent the left forepaw, 2ϭdecreased grip strength of left forepaw, 3ϭcircling to left by pulling the tail, 4ϭspontaneous circling). 12 After 5 days, animals were anesthetized again with ketamine/rompune, and decapitated, and the brains were sectioned into 5 2-mm coronal slices, incubated for 30 minutes in 2% solution of 2,3,5-triphenyltetrazolium chloride (TTC) at 37°C, and photographed (slices 1 to 5ϭbregma coordinates ϩ2.4, ϩ0.4, Ϫ1.6, Ϫ3.6, and Ϫ5.4, respectively). Infarct volumes were calculated by an investigator blinded to the treatment administered (H.S.), and were quantified for each slice using imageprocessing software (NIH Image). To compensate for the effect of brain edema corrected infarct volume was calculated as left hemisphere area minus (right hemisphere area minus infarct area). 13 
Morphological Analysis and Immunohistochemistry
For morphological analysis, 3-m-thick paraffin sections (1 section per staining) sampled at the level of the dorsal hippocampus were used. Immunohistochemistry was performed with antisera against 4-hydroxy-2-nonenal (HNE)-modified proteins, as previously described, 14, 15 and against c-FOS (1:200; Santa Cruz Biotechnology Inc), and a monoclonal mouse antibody was performed against the CD34 antigen (dilution 1:20; clone My10; Becton Dickinson Immunocytometry Systems). For antigen retrieval, sections were heated for 20 minutes in a 10-mmol/L citrate buffer at 99°C. After incubation in normal swine serum (10%) for 30 minutes followed by the primary antibody for 1 hour, immunoreactivity (IR) was visualized by the avidin biotin complex method (Vectastain; Vector Laboratory Inc) with consecutive enhanced diaminobenzidine staining. Immunohistochemical analysis was performed by investigators blinded to the treatment assignment (H.S., H.M., C.S.). Infarct boundaries were determined using H&E-stained sections and marked under the microscope. The total number of CD34 and HNE positive vessels was counted within the marked boundaries. The c-FOS IR was analyzed within cortex, thalamus, and hippocampus using a semiquantitative grading scheme (0: only a few scattered immunoreactive cells; 1: Ͻ20%, 2: Ͼ20% and Ͻ50%, 3: Ͼ50% immunoreactive cells).
Values presented are meansϮSD. After acquiring data, the randomization code was broken. ANOVA and post hoc Fisher protected least significant difference test or Bonferroni error protection were used for comparison of continuous variables (physiological parameter, MRI, immunohistochemistry), t test was used for infarct volume, and Mann-Whitney U test was used for nonparametric data (mortality, neuroscore). PϽ0.05 was considered statistically significant. (Figures 1  and 2 ). This corresponded to postmortem infarct volume of 265Ϯ29.6 mm 3 in the control group and 178.1Ϯ38.4 mm 3 in the HBO-treated group (Figure 2) .
Results
DWI-derived ischemic lesion volumes
Cerebral blood flow (CBF) was calculated for each ROI at each of the 3 time points based on the rrCBV and rMTT data and was compared between the 2 experimental groups. The relative regional cerebral blood flow (rrCBF) was reduced 70% before reperfusion in all ROIs except for ROI 1 (ACA territory). There was no significant difference in rrCBF between controls and HBO-treated animals at 3.5 and 5 hours after occlusion (not shown).
In HBO-treated animals, there was less neurological deficit compared with controls on day 1 (2.8Ϯ0.6 versus 3.6Ϯ0.7; PϽ0,05) and day 5 (2.8Ϯ0.8 versus 3.6Ϯ0.5; PϽ0.05). Weight loss was not significantly different. There was no difference in mortality between the groups: 6 animals in the HBO-treated group and 5 animals in the control group died because of massive brain edema with signs of uncal herniation between 16 and 36 hours after occlusion 16 and were excluded from MRI analysis. Except a significant increase in pO 2 after HBO treatment, no other differences occurred in physiological parameters between HBO-treated animals and controls (Table) .
Lipid peroxidation as measured by HNE staining was restricted to capillary endothelial cells. As a measure, the ratio of HNE-positive vessels from all vessels within the infarcted area was calculated. HNE staining was not significantly different between treated animals and controls at 3.5 hours after ischemia (0.32Ϯ0.4 versus 0.33Ϯ0.08, respectively; NS) ( Figure 3 ) and at 8 hours after ischemia (0.21Ϯ0.04 versus 0.24Ϯ0.07, respectively; NS). Shamoperated HBO-treated controls exhibited no significant HNE staining (ratio of HNE-positive vessels from all vessels at 3.5 hours 0.06Ϯ0.02 and at 8 hours 0.05Ϯ0.02).
Marked c-FOS induction was visible at 3.5 hours in the entire ischemic hemisphere both in control and HBO-treated rats, which already declined at 8 hours. Within the contralateral hemisphere, only a slight induction within the dentate gyrus was present. There was a tendency of stronger c-FOS IR in the hippocampus of non-HBO-treated rats at both time points investigated, but this reached no significance (not shown).
Discussion
HBO treatment in the present study (2 atm, 100% oxygen, 60 minutes, beginning 2 hours after ischemia) was based on previous experiments demonstrating effectiveness with treat- 
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ment periods between 40 minutes and 3 hours at 2 to 3 atm in a time window of Ͻ4 to 6 hours after various insults. 1, 2, 6, 8, 17, 18 With this paradigm, the final infarct size could be reduced by 38%, almost similar to a previously demonstrated reduction after permanent ligation of the MCA. 2 In vivo MR monitoring of ischemia could be important to study onset, duration, and effectiveness of any treatment paradigm. In the present study, MRI showed that initiation of HBO treatment reversed lesion size between 3 and 5 hours after ischemia and remained effective during the whole experiment. Such a treatment pattern was shown to occur with classic neuroprotectants, eg, NMDA antagonists, and is different from the delayed effects of growth factors in which protection began as late as 24 hours after stroke. 13, 19 One problem with HBO treatment for stroke is the potential oxidative stress in particular after transient ischemia. 20, 21 In this study, lipid membrane peroxidation was detected by an antibody against HNE-modified proteins, 22, 23 which almost exclusively originate from phospholipid-bound arachidonic acid and may be the most reliable index of free-radicalinduced lipid peroxidation. 15 Whereas HNE was demonstrated to increase after several pathological conditions of oxidative stress, such as ischemia liver diseases or copperand iron-induced oxidative damage, 23 no such increase was detectable in our present permanent ischemia study, which correlates to previous studies. 2 Only 1 other aldehyde, malondialdehyde, was demonstrated to have significant biological significance as an indicator for lipid peroxidation. Malondialdehyde was transiently increased in healthy rats treated with HBO or after reperfusion without HBO. 24, 25 Our present findings, however, clearly demonstrate that HBO treatment does not lead to increased lipid peroxidation compared with room air-treated controls. In addition, the transcription factor c-FOS, known as a sensitive indicator of stress in general 26 and as marker for oxidative stress, 27 was quite equally induced in the ischemic hemisphere in both experimental groups.
Mechanism of neuroprotection of HBO treatment after ischemia is thought to be mediated by improved oxygen supply to the ischemic periphery. Arterial oxygen pressure and content were increased after HBO treatment, indicating a 20% improvement of oxygen supply to the ischemic periphery. 2 Oxygen delivery to the ischemic penumbra may improve energy failure of compromised tissue and reduce the susceptibility to spreading depressions, causing further deterioration of energy status of tissue at risk. 28 A microdialysis study demonstrated reduced levels of glutamate and lactate in the ischemic core, suggesting reduced excitotoxicity as biological basis of HBO treatment. 6 Other potential protective mechanisms include increase of expression of protective genes of radical scavengers, inhibition of mediators of leukocyte adhesion, and reperfusion injury such as neutrophil beta-2-integrin or the proinflammatory cyclooxygenase-2. 29 -31 HBO treatment, furthermore, reduced brain vascular permeability, as measured with Evans blue extravasation after global cerebral ischemia. 32 However, in the same study, HBO treatment exhibited adverse effects on CBF and reduced CBF 90 minutes after oxygenation. Elevations of PaO 2 are associated with cerebral vasoconstriction and could account for reduction of CBF during HBO. 33 This phenomenon is regarded as a transient effect that disappears after exposure when CBF returns to normal. 2, 34 These findings are consistent with our results in the present study in which CBF was unchanged after HBO treatment as measured by PWI.
In conclusion, our data clearly indicate that HBO treatment in a relevant clinical situation, namely 2 hours after stroke onset, is neuroprotective. As monitored by MRI, HBO treatment can reverse lesion size in the critical phase between 3 and 5 hours after stroke and remains effective up to 5 days, resulting in improved neurological outcome. Importantly, markers for oxidative stress are not increased. Future projects focusing on the potential neuroprotective effect of normobaric hyperoxia alone, which may also ameliorate ischemic damage, are needed. 35 With respect to the clinical situation, that would be an exciting perspective. 
